ABSTRACT: Corn silage with high NDF concentration has the potential to reduce DMI because it has a greater filling effect in the rumen than low-NDF corn silage. Our objective was to determine whether ruminal fill influences DMI to the same extent with low-or high-NDF corn silage-based diets. Eight ruminally cannulated Holstein steers (198 ± 13 kg) were randomly assigned to a 2 × 2 factorial arrangement of treatments in a replicated 4 × 4 Latin square design with 16-d periods. Treatments were diets containing corn silage from a normal hybrid (low-fiber; LF) or its male-sterile isogenic counterpart (high-fiber; HF), offered for ad libitum consumption to steers with or without rumen inert bulk (RIB). The LF and HF diets contained 33.8 and 50.8% dietary NDF, respectively. Rumen inert bulk was added at 25% of pretrial ruminal volume in the form of plastic-coated tennis balls filled with sand to achieve a specific gravity of 1.1 and a total volume of 7.5 L. No fiber level × inert bulk interactions were detected for DMI or NDF intake (P > 0.10), suggesting that DMI
Introduction
Distension in the gastrointestinal tract can limit voluntary DMI by ruminants (Baile and Forbes, 1974;  833 was limited to the same extent by physical fill at both levels of dietary fiber. Addition of RIB decreased DMI by an average of 10.7%, which was 65.5 g/L of added bulk. The HF diet depressed DMI by an average of 15.5%, increased NDF intake 27.1%, and reduced ruminal NDF turnover time by 21.0% compared to the LF diet (P < 0.01), with no effect on ruminal volume or amount of NDF in the rumen (P > 0.10). Addition of RIB also reduced ruminal NDF turnover time and amount of NDF in the rumen (11.8% and 20.7%, respectively; P < 0.01), with no change in ruminal digesta volume (P > 0.10). The HF treatment decreased digestibility of DM and GE (5.5 and 5.7%, respectively; P < 0.01) but increased NDF digestibility (10.4%; P < 0.01) compared to LF. Rumen inert bulk had no effect on digestibility of DM, NDF, or GE (P > 0.10). The lack of reduction in digesta volume with addition of inert fill suggests that DMI of light-weight steers receiving corn silage-based diets within a wide range of NDF concentrations was not regulated by ruminal distension alone. Forbes, 1996) . Previous researchers have examined the effect of reticulo-rumen fill on DMI by adding rumen inert bulk (RIB) to sheep (Egan, 1972; Waybright and Varga, 1991) , steers (Carr and Jacobson, 1967; Schettini et al., 1999) , and lactating dairy cows Combs, 1991, 1992; Dado and Allen, 1996) . A review of several studies by Dado (1993) indicated that the average reduction in DMI from RIB addition was 94 g/ L of RIB, which ranged from no change to a depression in DMI of 300 g/L. The depression in intake was greatest for sheep, animals with relatively lighter body weight within a species, and animals that tended to be in physiological states with higher nutrient requirements (Dado, 1993) .
Neutral detergent fiber is related to the filling effects of feeds in the rumen. Increasing the dietary NDF concentration, by increasing the roughage:concentrate ratio, depressed DMI of sheep (Aitchison et al., 1986) and dairy cows (Llamas-Lamas and Combs, 1991; Dado and Allen, 1995) . Increasing dietary NDF concentration by addition of straw also reduced DMI and performance of steers (Orskov et al., , 1991 .
High levels of roughage are often fed during the growth phase of beef cattle feeding systems in the upper Midwest, and corn silage is the primary roughage source (Ritchie et al., 1992) . Fiber concentration of corn silage can vary greatly; the average NDF for well-eared corn silage is 46.0%, with a standard deviation of 6.5% (NRC, 1996) . We hypothesized that corn silage high in NDF concentration limits DMI and animal performance of light-weight steers fed high-roughage diets. Therefore, the objective of this trial was to determine whether high-NDF corn silage limits DMI by increasing ruminal fill.
Materials and Methods
A corn hybrid (5456, UAP Dyna-Gro, East Lansing, MI) and its male-sterile isogenic counterpart were planted in separate fields on the same day to achieve a population of approximately 66,700 plants/ha. The male-sterile hybrid was isolated from all other corn hybrids to prevent pollination. As the corn approached maturity, DM for each hybrid was determined every 3rd day to estimate the desired time of harvest by randomly removing four plants from each field, chopping the plants (Mighty Mac, Amerind MacKissic Inc., Parker Ford, PA), and drying them at 57°C in a forced-air oven for 72 h. The normal and male-sterile corn hybrids were harvested with a three-row silage chopper (Model 900, New Holland North America Inc., New Holland, PA) set at 1.3 cm theoretical cut length, and ensiled separately in adjacent 2.4-m-diameter plastic silage bags (Ag Bag International, Warrenton, OR) at the Michigan State University Beef Cattle Teaching and Research Center. Before feeding, forages were analyzed for DM, NDF, CP, pH, and VFA. Post-ensiled nutrient composition and fermentation characteristics of the silages are presented in Table 1 .
Experimental and surgical procedures in this trial were conducted according to those approved by the Michigan State University All University Committee on Animal Use and Care (AUF No. 07/99-089-00).
Eight Holstein steers (198 ± 13 kg) were surgically fitted with 7.5-cm (i.d.) rumen cannulas (Model 4C, Bar Diamond, Inc., Parma, ID) 4 wk before trial initiation. Eight days after surgery, cannulas were replaced with 10-cm (i.d.) rumen cannulas (Model 2C, Bar Diamond). At this time, steers were weighed and moved to individual metabolism stalls for acclimation for 14 d. Steers had ad libitum access to water and a common corn silage diet (Table 2) . Corn silage from the normal (lowfiber) corn hybrid was the primary dietary ingredient, with soybean meal and supplement added to meet or exceed requirements for metabolizable protein, minerals, and vitamins (NRC, 1996) . Feed offered and refused were recorded daily.
The eight fistulated steers were assigned to duplicated 4 × 4 Latin squares balanced for carryover effects ruminal digesta volume. Pretrial ruminal digesta volume was measured by manual evacuation of digesta. Rumen inert bulk consisted of 52 plastic-coated tennis balls (7.5 L total volume; 1.1 specific gravity; Schettini et al., 1999) . Treatment periods were 16 d, with 10 d for adaptation and the final 6 d for collection.
Diets were mixed once daily and offered at 0700 and 1900 daily to allow steers ad libitum access (≥ 10% orts) to the total mixed ration. Amounts fed and refused were recorded daily. Representative samples of complete mixed diets, major ingredients, and orts were taken at each feeding on d 10 through 16 of each period.
Fecal output was determined using total fecal collection for 4 d each period. Fecal collection bags were placed on each fistulated steer at 1300 on collection days starting on d 11. Accumulated feces were removed and weighed at each 24-h interval for the 4 d, and a 0.5-kg representative sample was retained.
Every 3 h for a 24-h period starting before the morning feeding on d 11, four subsamples of whole ruminal contents from the cardiac, dorsal, and ventral sacs of the rumen and the reticulum were collected and composited. Ruminal fluid was separated from the particulate fraction by squeezing through four layers of cheesecloth. Ruminal pH was determined immediately after collection. A 45-mL aliquot of fluid was frozen immediately at −20°C for later analysis of ruminal VFA.
Total ruminal contents for each steer were removed at 1300 on d 15 and 16 of each period. Each animal's digesta was manually removed via the cannula and placed in a 114-L barrel. Weight and volume of the rumen contents were determined, and a 1-kg subsample was collected by thoroughly mixing the ruminal contents and removing the subsample with a 500-mL beaker before replacing digesta. Immediately before digesta removal, headspace volume in the dorsal rumen was estimated at both evacuation times by filling the space with unweighted tennis balls of known volume. Following the evacuation on d 16, ruminal contents including RIB were switched among steers, within each square, to assist in adaptation to the next treatment.
Sample Analysis. Diets, major ingredients, orts, ruminal contents, and fecal samples were dried immediately after collection at 57°C for 72 h in a forced-air oven and analyzed for DM content. All samples were ground through a Wiley mill (Arthur H. Thomas, Philadelphia, PA) equipped with a 1-mm screen. Samples of the diets and major ingredients were composited for each period, and fecal samples were composited for each animal within period. Diets, major ingredients, fecal, and ruminal content samples were analyzed for percentages of NDF, ADF, ADL, indigestible NDF, and ash. Neutral detergent fiber, ADF, and ADL were determined according to Van Soest et al. (1991; Method A for NDF) and corrected for ash. Ash content was determined after 5 h of oxidation at 500°C in a muffle furnace. Diet and major ingredient samples were analyzed for CP by the combustion method (AOAC, 1990; Model FP-2000, LECO, St. Joseph, MI). Free glucose in the diets and feed ingredients was measured by an enzymatic method (Karkalas, 1985 ; glucose kit #510-A, Sigma Diagnostics, St. Louis, MO) using a microplate reader (Spectra Max 190, Molecular Device Corp., Sunnyvale, CA) after samples were extracted with deionized water. Starch in the diets, major ingredients, and feces was measured by an enzymatic method (Karkalas, 1985 ; glucose kit #510-A) after samples were gelatinized with sodium hydroxide and digested with amylase (CRYSTALZYME 40 L, Vally Research, South Bend, IN). Gross energy was determined for both feed and fecal samples by bomb calorimetry (AOAC, 1990 ; Model 1241 Adiabatic Calorimeter, Parr Instruments, Moline, IL). Digestible energy was determined as the difference between intake of gross energy and output of fecal energy. Concentrations of ME, NE m , and NE g in the diets were calculated from DE using published equations (NRC, 1996) . Ruminal VFA and silage VFA, ethanol, and lactic acid were determined by HPLC using procedures described by Tjardes et al. (2000) . Silage pH, ruminal NDF turnover time, and passage rate of indigestible NDF were also determined according to procedures described by Tjardes et al. (2000) . Because the male-sterile corn silage contained a larger percentage of VFA, ethanol, and lactic acid, the concentrations of all nutrients were expressed as percentage of DM determined from drying at 57°C.
Statistical Analysis. Intake, digestibility, VFA, digesta characteristics, and kinetic data were analyzed based on a mixed-effects model using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC.). The model contained animal as a random effect and period, fiber level, RIB, and fiber level × RIB as fixed effects. Using the Schwarz Bayesian criterion (Littell et al., 1998) , a first-order autoregressive error structure was determined as the most appropriate residual covariance structure for repeated measures over period within animals. Main effects were considered significant at P < 0.05, and two-way interactions were considered significant at P < 0.10. One steer that had access to the highfiber diet with additional RIB would not consume the expected DMI of feed before collection. Therefore, data were omitted for this steer during that period. Due to the unbalanced design, data are presented as least squares means.
Results and Discussion
Normal and male-sterile hybrids were harvested 127 d following planting. At the time of harvest, the malesterile hybrid had 4.8% less DM than the normal hybrid (31.5 vs 36.3% DM, respectively). The DM of silage from the male-sterile hybrid was 5.7% lower after ensiling (Table 1) . Because the male-sterile corn hybrid was barren and devoid of grain, the male-sterile as compared to normal corn silage had lower starch (3.3 vs 32.0%, respectively) but greater NDF and ADF concentrations (Table 1 ). The male-sterile corn silage con-tained 0.7 percentage unit less CP than normal corn silage.
Total soluble carbohydrate content of male-sterile corn hybrids ranges from 15 to 16%, compared to 8 to 10% for normal corn hybrids (Fisher and Fairey, 1979) . During the ensiling process, the soluble carbohydrates would have been readily fermented (Stake et al., 1973) . Stake et al. (1973) reported that the soluble carbohydrates would have been transformed to lactic acid; however, they failed to report whether the ethanol content of male-sterile corn silage increased during fermentation. In the current study, the male-sterile corn silage had greater concentrations of acetate, propionate, lactate, and ethanol than the normal corn silage (0.6, 0.3, 2.2, and 7.0%, respectively). Although yeasts were not quantified, there were no visual differences in aerobic stability or heating between the silages. The higher concentration of fermentation acids resulted in the male-sterile corn silage having 0.15 unit lower pH than the normal corn silage. Because the male-sterile corn silage contained a greater concentration of ethanol, steers receiving HF would have consumed up to 350 mL of ethanol over the entire day. No adverse visual signs related to ethanol ingestion were observed among steers. Previous research has shown that steers weighing 227 kg were able to tolerate 140 mL of ethanol pulse-dosed into the rumen; however, they exhibited signs of intoxication when they received a pulse dose of 250 mL (Bruning and Yokoyama, 1988) .
Feeding the HF diet compared to the LF diet resulted in a reduction (P < 0.01) in steer DMI (Table 3) . Previous research has demonstrated that increased dietary NDF by straw addition decreased DMI of steers Orskov et al., 1991) . Stake (1973) reported that steers consumed similar intakes of male-sterile and normal corn silage when they were receiving 1.81 kg/ d of a protein/grain supplement, and there was no difference in the crude fiber values between the two hybrids.
There was no fiber level × RIB interaction (P > 0.10) for DMI. Addition of RIB depressed DMI of both LF and HF diets an average of 65 g/L of RIB (P < 0.01). Schettini et al. (1999) reported a reduction of 157 g/L of RIB when low-quality orchard grass hay (70.3% NDF) was fed to beef steers with an initial weight of 550 kg. Mowat (1963) reported a reduction of up to 112 g/L of RIB when good-quality hay (37.8% NDF) was fed to Holstein steers with an initial weight of 227 kg. Dado and Allen (1995) reported that DMI of a 25% NDF diet fed to early-lactation dairy cows (17 d postpartum) was not affected by RIB addition; however, DMI of a 35% NDF diet was depressed by 95 g/L of RIB. They concluded that DMI by cows receiving the high-fiber diet was controlled mainly by ruminal distension (Dado and Allen, 1995 ). In the current study, the decreased DMI in both diets from addition of RIB and the lack of a fiber level × RIB interaction suggests that DMI was limited by physical fill at both levels of dietary fiber.
Increasing concentration of dietary fiber did not affect (P > 0.10) ruminal digesta volume or wet digesta weight but decreased (P < 0.05) digesta DM percentage and weight (Table 3) . Feeding the HF compared to the LF diet increased (P < 0.01) the concentration of NDF and indigestible NDF of the ruminal digesta; however, amounts of both NDF and indigestible NDF in the rumen were not affected (P > 0.10) by fiber treatments. Johnson and Combs (1992) and Dado and Allen (1995) found that, with early lactating dairy cows, increasing dietary NDF concentration increased digesta volume and wet weight and decreased digesta DM percentage, resulting in no effect on weight of digesta DM. They also reported an increase in ruminal NDF weight when concentration of dietary NDF was increased (Johnson and Combs, 1992; Dado and Allen, 1995) . In these previous studies with early-lactation dairy cows, DMI of the low-NDF diets was not likely regulated by ruminal distension. When dietary NDF concentration was increased, the digesta volume was increased and ruminal fill began to limit DMI. In the current study, digesta volume was not increased when the dietary NDF concentration was increased, suggesting that DMI was perhaps limited by ruminal distension at both levels of dietary fiber.
Addition of RIB to both the LF and HF diets increased (P < 0.01) total ruminal volume (digesta + RIB) by 23.2% but did not influence (P > 0.10) digesta volume ( Table  3 ). The addition of RIB increased (P < 0.01) wet weight of digesta + RIB but had no effect (P > 0.10) on wet digesta weight alone. Dado and Allen (1995) observed that when a diet containing 35% NDF was fed to earlylactating dairy cows, RIB added at 25% of pretrial digesta volume increased total ruminal volume by only 6.2% but decreased digesta volume by 16.3%. They also reported that when the diet contained 25% NDF and 25% RIB was added, total ruminal volume was increased by 11.3% and digesta volume was decreased by 12.1%. Johnson and Combs (1991) found that when 25% RIB reduced DMI of early-lactation dairy cows fed diets that contained either 26.1 or 28.5% NDF, total rumen volume increased an average of 15.2% and digesta volume decreased an average of 7.2%. However, Johnson and Combs (1992) found that when 25% RIB did not influence DMI by late-lactation dairy cows, total ruminal volume increased 18.0%, but digesta volume was not significantly influenced. Schettini et al. (1999) did not report the effect of RIB on ruminal volume when beef steers were fed low-quality hay (70.3% NDF); however, they observed that addition of RIB reduced digesta wet weight. In the current study, addition of the RIB was expected to have increased stimulation of the tension receptors (Leek, 1969) contributing to satiety. However, the lack of reduction in digesta volume in the current study suggests that ruminal distension was not the only factor regulating DMI of the LF and HF diets. The reduction in DMI would have reduced the amount of absorbed metabolic fuels potentially increasing the stimulation of hunger (Illius and Jessop, 1996) , and DMI was the result of a balance between hunger and satiety (Forbes and Provenza, 2000) . Table 3 . Dry matter intake, NDF intake, and ruminal digesta characteristics and kinetics of normal (low-fiber) and male-sterile (high-fiber) corn silage-based diets by steers with and without added rumen inert bulk (RIB) Addition of RIB reduced (P < 0.01) the percentages and amounts of digesta DM, NDF, and indigestible NDF (Table 3) . These reductions are consistent with Dado and Allen (1995) , who found that RIB not only reduced percentage DM of digesta but also reduced the amounts of digesta DM, NDF, and indigestible NDF. Combs (1991, 1992) also reported that RIB reduced digesta wet weight and decreased amounts of digesta DM and NDF. In the present study, the reduction in percentage digesta DM for RIB addition may have been the result of increased saliva flow, indicating more rumination and chewing.
Increasing dietary fiber concentration and the addition of RIB both increased (P < 0.05) ruminal NDF turnover rate. Similar results were observed by Dado and Allen (1995) , who found that, with lactating dairy cows, passage rate of NDF was faster when dietary fiber and RIB were increased. They also noted that increasing dietary fiber and the addition of RIB increased the amount of time spent ruminating and chewing. Dado and Allen (1995) reported that these factors likely compensated for the increased rumen fill and helped to maintain intake. In the current study, increased NDF turnover rate and the faster passage rate of indigestible NDF were potentially due to the increased ruminal fill and(or) increased time spent ruminating and chewing. However, RIB weight in the reticulum (Kaske and Midasch, 1997) and(or) RIB stimulation of mechanoreceptors around the cardia (Leek, 1969) may have also contributed to the faster passage rates, as evidenced by the fact that a few of the weighted tennis balls were observed in the reticulum during ruminal content evacuation.
Ruminal pH, lactate, and VFA data are presented in Table 4 . Ruminal pH was decreased and concentrations of lactate and total VFA were increased (P < 0.05) by feeding LF compared to HF. In addition, molar percentages of propionate and butyrate were greater (P ≤ 0.05) and acetate was reduced (P < 0.05) for LF. This was likely the result of having greater starch content in the LF diet (Grant and Mertens, 1992b) . Stake et al. (1973) reported that ruminal pH was greater but concentration of total VFA and percentage of acetate were not affected for male-sterile compared to normal corn silage fed to growing Holstein steers.
Fiber level × RIB interactions were detected (P < 0.10) for total VFA concentration and molar percentages of acetate and butyrate. Addition of RIB to LF decreased total VFA concentration and butyrate percentage by 10.3 and 18.3%, respectively. Total VFA concentration and butyrate percentage were only decreased by 6.2 and 12.9% when RIB was added to the HF diet. Molar percentage of acetate was increased by 4.7 and 2.6% when RIB was added to the LF and HF diets, respec- Table 4 . Ruminal pH, lactate, and VFA of steers fed normal (low-fiber) and malesterile (high-fiber) corn silage-based diets with and without rumen inert bulk (RIB) tively. There was no fiber level × RIB interaction (P > 0.10) for molar percentage of propionate. Ruminal VFA concentrations may have been altered by RIB because of decreased DMI, less available substrate, increased dilution rate of the ruminal contents, increased rate of VFA absorption from increased mixing in the rumen, and(or) by a more rapid breakdown of fibrous particles. Similar to the current study, Johnson and Combs (1992) and Dado and Allen (1995) found that both the addition of RIB and increasing dietary fiber concentration increased ruminal pH and acetate percentage but reduced propionate percentage.
Feeding the LF as compared to the HF diet not only reduced ruminal pH and resulted in higher molar percentages of propionate, but also resulted in more daily variations in pH (Figure 1 ) and percentage of propionate (Figure 2 ). Greater fluctuation in ruminal pH and percentage of propionate might indicate a more pulsatile energy supply to the blood from the rumen. Oba and Allen (2000) reported that the more pulsatile supply of energy may have increased the rate of metabolite utilization, stimulated hunger sooner, shortened the intermeal interval, and potentially increased DMI.
Addition of RIB had no effect (P > 0.10) on apparent total-tract digestibilities of DM, NDF, ADF, starch, or GE (Table 5 ). Previous research with lactating dairy cows Combs 1991, 1992; Dado and Allen 1995) and beef steers (Schettini et al., 1999 ) also reported that RIB had no effect on apparent total-tract digestibilities of DM, NDF, or ADF. Waybright and Varga (1991) did report reductions in total-tract digestibilities of DM, NDF, and ADF when RIB was added to sheep fed a 75% concentrate diet. In the current study, even though there was no decrease (P < 0.01) in total-tract digestibility of GE with the addition of RIB, the decrease in DMI resulted in an average reduction in DE intake of 1.45 Mcal/d.
The HF compared to the LF treatment had lower (P < 0.01) apparent total-tract digestibilities of DM and GE but greater (P < 0.01) total-tract digestibility of NDF and ADF (Table 5 ). The difference in DM and GE digestibility was primarily the result of the male-sterile hybrid having a higher NDF and lower starch content than the normal corn silage. Improved NDF digestibility for the HF treatment was likely the result of improved conditions for fiber-digesting microorganisms within the gastrointestinal tract (Woodford et al., 1986; Grant and Mertens, 1992ab) , as suggested by the greater ruminal pH and percentage of acetate. In previ- ous research, when male-sterile was compared to normal corn silage in diets fed to growing steers, crude fiber digestibility was improved but digestibility of DM and energy were not influenced (Perry and Caldwell, 1969; Stake et al., 1973) . Stake et al. (1973) reported no difference in ADG or efficiency of gain when steers had ad libitum access to either male-sterile or a normal corn hybrid. In the current study, increasing dietary fiber decreased (P < 0.01) NE m and NE g by 17.3 and 28.4%, respectively. Based on energy concentrations, feeding the HF diet as compared to the LF diet reduced predicted shrunk weight gain (NRC, 1996) by 71.7% (0.15 vs 0.53 kg/d for HF and LF, respectively). The HF treatment also had a 67.6% poorer predicted efficiency of gain compared to the LF diet. Illius and Jessop (1996) suggested that voluntary DMI is ultimately a psychological phenomenon, involving the integration of many metabolic signals by the central nervous system. Forbes and Provenza (2000) further theorized that animals integrate signals from the various visceral receptors, adipose tissue, social stimuli, and environmental factors to generate a signal of total "discomfort." The animal then adjusts its DMI in attempt to minimize this discomfort. In the current study, the RIB addition and increase in NDF concentration would have distended the rumen and would have potentially increased animal discomfort. The reduction in DMI would have reduced absorbed metabolic fuels, causing increased discomfort due to hunger. The steers might have altered meal size and the intermeal interval in an attempt to reduce discomfort from ruminal distension, but they would have attempted to consume enough DM in order to reduce the stimulus of hunger. Simultaneous collection of feeding behavior and blood metabolite data would be necessary to confirm this hypothesis.
Implications
Both high fiber and rumen inert bulk reduced dry matter intake of corn silage-based diets fed to lightweight steers. However, rumen inert bulk influenced dry matter intake to the same extent with low or high neutral detergent fiber diets. The lack of reduction in digesta volume with addition of inert fill suggests that feed intake was not regulated by ruminal distension alone. Intake regulation of corn silage diets may be the result of steers attempting to minimize discomfort due to satiety and hunger as a result of ruminal distension and metabolism of fuels. Therefore, successful nutri-tional strategies designed to improve energy utilization of corn silage-based diets fed to growing steers may include reduction of fiber content and(or) modifications in digestion products that influence metabolic signaling.
